Introduction {#s1}
============

Identification of the corneal epithelial inferotemporal thinning and supranasal thickening by use of SD-OCT may help in the early diagnosis of keratoconus.

The corneal epithelium is a moldable [@pone.0085994-Lian1] and active corneal layer that maintains the optical quality of the eye by remodeling itself to compensate for any changes in the stromal surface shape, e.g., those induced by keratorefractive surgery [@pone.0085994-Schmoll1], scarring after corneal injuries or keratitis, or in keratoconus [@pone.0085994-Reinstein1]--[@pone.0085994-Kanellopoulos1]. Information about the thickness distribution of the corneal epithelium may help identify stromal surface irregularities, as in subclinical keratoconus, before they are detectable on corneal topography [@pone.0085994-Reinstein1], [@pone.0085994-Reinstein2]. Mapping of the corneal epithelium has been attempted using various technologies, including immersion techniques such as high frequency ultrasound biomicroscopy [@pone.0085994-Kanellopoulos1], very high frequency digital ultrasound [@pone.0085994-Reinstein1], [@pone.0085994-Reinstein3]--[@pone.0085994-Reinstein4] and confocal microscopy [@pone.0085994-Reinstein1], [@pone.0085994-Reinstein2], [@pone.0085994-Li1]. Non-contact optical coherence tomography (OCT) [@pone.0085994-Rocha1], [@pone.0085994-Kanellopoulos1], [@pone.0085994-Sin1]--[@pone.0085994-Li2] has also been used.

OCT has been developed for non-invasive cross-sectional imaging in biological systems by using low-coherence interferometry to produce a two-dimensional image of optical scattering from internal tissue microstructures in a way that is analogous to ultrasonic pulse-echo imaging [@pone.0085994-Huang1]. Spectral domain (SD), a newer generation OCT, seems to be reliable and reproducible enough to measure corneal epithelial thickness with sufficient axial resolution [@pone.0085994-Prakash1], in contrast to the measurements with the previous generation instruments based on time domain (TD) OCT [@pone.0085994-Sin1], [@pone.0085994-Prakash1].

The current study evaluated epithelial and stromal thickness distributions measured by SD-OCT in eyes with keratoconus and in healthy eyes with ≥2.0 D of astigmatism. Recently, studies utilizing the same OCT technology [@pone.0085994-Rocha1], [@pone.0085994-Li2] compared keratoconic corneas with corneas of healthy subjects with unspecified amounts of astigmatism. The current study used healthy corneas with ≥2D of astigmatism as the control group to eliminate the influence of possible variations due to the astigmatism itself. This study aimed to define epithelial and stromal thickness--distribution-based variations that may help in early keratoconus detection.

Patients and Methods {#s2}
====================

The protocol for this trial and supporting CONSORT checklist are available as supporting information; see [Checklist S1](#pone.0085994.s002){ref-type="supplementary-material"} and [Protocol S1](#pone.0085994.s001){ref-type="supplementary-material"}.

Ethics Statement {#s2a}
----------------

This study was approved by the regional ethics committee (Registry name: REK - Regionale Komiteer for Medisinsk Forsknings Etikk - MH Bygget, Universitetet i Tromsø, Norway. Registry number: 2013/758). The participants provided a written informed consent before the examination. The consent form was approved by the ethics committee. This study adhered to the tenants of the declaration of Helsinki.

Patients {#s2b}
--------

The participants were recruited from previously diagnosed keratoconus patients referred to the Eye Department of the University Hospital North Norway in Tromsø, Norway for corneal collagen cross-linking (CXL)-treatment and from healthy subjects seeking preoperative evaluation for refractive surgery at SynsLaser Kirurgi AS Tromsø, Norway. Patients were examined by the RTVue100 (OptoVue Inc. Fremont, California, USA) 26000-Hz SD-OCT using an add-on lens (CAM-L) mode, by Precisio (iVIS Technologies, Taranto, Italy) Scheimpflug-based topo/tomography, and by OPD-scan II (Nidek CO, LTD, Aichi, Japan) Placido-based topography. We analyzed SD-OCT corneal scans of 20 consecutive eyes with keratoconus (nine eyes categorized as stage 1, 7 eyes stage 2, and 4 eyes stage 3 on the Krumeich scale) (group 1) and of 20 consecutive healthy eyes with corneal astigmatisms ≥2 D, used as controls (group 2).

Methods {#s2c}
-------

The patients fixated on the target of the RTVue100 while 3 consecutive images were acquired to ensure measurement reproducibility. We analyzed two cross-sectional meridional corneal profiles obtained by SD-OCT along the steepest and the flattest meridians, previously located by Scheimpflug-topography. [Figure 1](#pone-0085994-g001){ref-type="fig"} shows anterior corneal elevation topography and cross-sectional OCT images at both the steepest meridian (A, C) and the flattest meridian (B, D) for one keratoconic eye and one healthy eye with high corneal astigmatism.

![Corneal elevation topography and corneal optical coherence tomography (OCT) images.\
Anterior corneal elevation topography and cross-sectional corneal optical coherence tomography (OCT) images at the steepest (A, C) and flattest meridians (B, D) were taken for one keratoconic eye and one healthy eye with high corneal astigmatism.](pone.0085994.g001){#pone-0085994-g001}

To map the epithelial and stromal thicknesses, a software caliper tool from the RTVue100 was used. The following 11 points were measured in eyes from group 1: Seven points along the steepest meridian (corneal vertex, the points of the thinnest and thickest epithelia, as well as the points 1.5 mm and 2.5 mm from the corneal vertex) and 4 points along the flattest meridian (1.5 mm and 2.5 mm from the corneal vertex). Eleven corresponding points were measured in eyes from group 2. The amount of corneal astigmatism was measured from topography maps obtained by OPD-scan.

The sample size was decided by the power calculation founded on data from the previous studies analyzing corneal epithelial thickness in keratoconus and healthy eyes. For a significance level of 0.05 and a statistical power of 0.8, the equation for sample size is: N = 31.4×σ^2^/D^2^ [@pone.0085994-Eng1], where σ is assumed standard distribution of each group and D is the minimum expected difference between two means. According to the preliminary data collected from comparable studies [@pone.0085994-Rocha1], [@pone.0085994-Haque1], population σ and D are chosen to be 5.0 and 4.7 respectively, yielding a sample size N = 35.5. In the current study we have chosen a sample size 40.

Statistical analysis was performed using SPSS 13.0 software. The independent-samples t test was used to assess the difference in epithelial and stromal thickness at corresponding locations between the two groups and between different locations within the group. Descriptive statistics were carried out for all eyes using vertical mirrored symmetry superimposition: thickness values for left eyes were reflected in the vertical axis and superimposed onto the right eye values so that nasal/temporal characteristics could be combined.

Results {#s3}
=======

We analyzed data from 20 keratoconic eyes of 15 subjects (10 men and 5 women) (group 1) and from 20 healthy astigmatic eyes of 15 subjects (7 women and 8 men) (group 2). The average ages were 28.5±6.5 years (range, 19--41 years) and 29.4±9.5 years (range, 15--46 years) for the two groups, respectively. The mean maximum keratometry measurements were 47.9±2.9 D (range, 41.8--52.8 D) and 45.6±1.1 D (range, 42.3--47.5 D), respectively. The average anterior corneal cylinders were 3.3±2.2 D (range, 0.5--9.5 D) and 3.6±1.2 D (range, 2.0--6.4 D) for group 1 and 2, respectively. The two groups were similar with respect to the amount of astigmatism (*P* = 0.54) and age (*P* = 0.74). The corneal and stromal thicknesses at each location are shown in [Table 1](#pone-0085994-t001){ref-type="table"}.

10.1371/journal.pone.0085994.t001

###### Epithelial and Stromal Thickness With Keratoconus and Controls (Mean±Standard Deviation).

![](pone.0085994.t001){#pone-0085994-t001-1}

                       Epithelial (µm)   Stromal (µm)                          
  ------------------- ----------------- -------------- ---------- ------------ ------------
  Steepest Meridian         −2.5           52.3±6.7     53.5±3.4   467.2±41.5   503.6±32.5
                            −1.5           42.5±6.0     53.5±4.2   428.5±29.2   477.7±32.8
                            −1.2           37.4±4.4     52.7±4.7   425.0±30.5   473.8±30.7
                            +1.4           59.3±4.4     52.4±4.1   467.7±29.5   486.9±35.3
                            +1.5           55.2±4.8     52.2±4.3   467.3±28.6   492.4±34.4
                            +2.5           53.4±5.6     51.4±4.0   499.7±28.5   531.1±37.7
  Corneal Vertex                           45.7±3.8     52.6±4.2   428.5±31.4   470.1±31.2
  Flattest Meridian         −2.5           53.2±3.9     51.2±4.1   467.0±30.6   491.7±32.0
                            −1.5           49.0±4.6     51.2±3.9   437.9±25.5   473.5±32.1
                            +1.5           51.1±4.1     53.0±4.8   464.8±35.7   490.8±37.2
                            +2.5           53.2±3.6     52.1±3.4   500.0±30.1   520.1±41.8

For steepest meridian, "−" represents inferior to corneal vertex, "+" represents superior to corneal vertex. For flattest meridian, "−" represents temporal to corneal vertex, "+" represents nasal to corneal vertex.

Epithelial thickness distribution {#s3a}
---------------------------------

The average angles of the steepest meridian were 67.8±14.7° (range, 50--105°) and 90.3±5.5° (range, 80--100°) for group 1 and group 2, respectively. The average epithelial thickness map in group 1 showed epithelial thinning inferotemporally and thickening supranasally ([Figure 2](#pone-0085994-g002){ref-type="fig"}). The thinnest and thickest epithelia were located 1.2 mm inferiorly and 1.4 mm superiorly from the corneal vertex, along the steepest meridian, respectively. The average epithelial thickness along the flattest meridian was increasing centrifugally, while it did not vary as much as along the steepest meridian. The average epithelial thickness map in group 2 showed small deviations in the distribution along the steepest meridian and the flattest meridian. [Figure 2](#pone-0085994-g002){ref-type="fig"} (top) shows topographic maps of the average epithelial thicknesses for both groups.

![Topographic maps of the average epithelial and stromal thicknesses for keratoconic eyes and healthy eyes.\
The color scale represents the thickness in µm; I = inferior; N = nasal; S = superior; T = temporal.](pone.0085994.g002){#pone-0085994-g002}

Comparison of epithelial thicknesses between the two groups {#s3b}
-----------------------------------------------------------

On average, the epithelium in group 1 was thinner from the mid-inferior to centrum (p\<0.001) and thicker mid-superiorly (p\<0.001) along the steepest meridian when compared with group 2. There were no significant differences in the peripheral-superior and peripheral-inferior epithelial thicknesses between the two groups (*p* = 0.21 and 0.50, respectively). There was no significant difference between the two groups along the flattest meridian either, except for the location at the corneal vertex. The comparison of the cross-sectional steepest-meridional (top) and flattest-meridional (bottom) average epithelial thicknesses for the two groups is shown in [Figure 3](#pone-0085994-g003){ref-type="fig"}.

![Comparison of average epithelial thicknesses for keratoconic and healthy astigmatic eyes.\
Top: Cross-sectional steepest-meridional average epithelial thicknesses for keratoconic and healthy astigmatic eyes. Bottom: Cross-sectional flattest-meridional average epithelial thicknesses for keratoconic and healthy astigmatic eyes.](pone.0085994.g003){#pone-0085994-g003}

Stromal thickness distribution {#s3c}
------------------------------

The maps of the average stromal thickness for both groups are shown in [Figure 2](#pone-0085994-g002){ref-type="fig"} (bottom).

Comparison of stromal thicknesses between the two groups {#s3d}
--------------------------------------------------------

The comparison of the cross-sectional steepest-meridional (top) and flattest-meridional (bottom) average stromal thicknesses for the two groups is shown in [Figure 4](#pone-0085994-g004){ref-type="fig"}.

![Comparison of average stromal thicknesses for keratoconic and healthy astigmatic eyes.\
Top: Cross-sectional steepest-meridional average stromal thicknesses for keratoconic and healthy astigmatic eyes. Bottom: Cross-sectional flattest-meridional average stromal thicknesses for keratoconic and healthy astigmatic eyes.](pone.0085994.g004){#pone-0085994-g004}

Discussion {#s4}
==========

The phenomenon of epithelial remodeling has been described in eyes subjected to excimer laser ablations for correction of refractive errors, in eyes with keratoconus, and in connection with wearing overnight refractive therapy rigid contact lenses [@pone.0085994-Rocha1]--[@pone.0085994-Reinstein3], [@pone.0085994-Reinstein4], [@pone.0085994-Li1], [@pone.0085994-Haque2], [@pone.0085994-CorreaPerez1]. It has been theorized that eyelid friction may be chafing the corneal surface epithelium during blinking with the posterior surface of the semi-rigid tarsus providing a template for the outer shape of the epithelial surface [@pone.0085994-Reinstein3], [@pone.0085994-ReinsteinDZ1]. Hence, it seems that epithelial mapping may be applied to detect and diagnose keratoconus, since several variables based on epithelial thickness have shown good to excellent diagnostic power [@pone.0085994-Li2]. The epithelial pattern seems to depend on the severity of keratoconus [@pone.0085994-Reinstein3] and it may also be used for monitoring the progress of the disease. Similarly, analysis of the epithelial thickness profile may be used to detect ongoing changes after keratoconus treatment with CXL and appears to be more sensitive than corneal topography [@pone.0085994-Reinstein2], [@pone.0085994-Kanellopoulos1]. The epithelial thickness distribution has an impact on refraction [@pone.0085994-Reinstein5] too, contributing to the corneal refractive power as well as to the power and axis of the astigmatism [@pone.0085994-Huang1]. The cause of postoperative regression [@pone.0085994-Reinstein5] after excimer laser treatments for correction of refractive errors may often be ascribed to compensatory epithelial remodeling, which also may be responsible for the lack of efficacy (less than 50%) of wavefront [@pone.0085994-Rocha1] or topography-guided [@pone.0085994-Schlegel1] custom ablation profiles.

An epithelial thickness map may also provide key data for planning excimer laser treatments by providing information on the shape of the underlying stromal surface (by subtraction from the pachymetry map), which may be especially useful in transepithelial topography-guided surface ablation. Precise programming of the epithelial thickness into the ablation plan of transepithelial topography-guided treatments, instead of use of an anticipated value, will decrease the amount of stromal tissue removed by the ablation when the epithelium is thinner than anticipated, or it will guarantee that all of the planned stromal tissue is removed if the epithelium is thicker than anticipated [@pone.0085994-Reinstein5], [@pone.0085994-Chen1]. The data provided by the epithelial thickness mapping may also increase the safety and predictability of retreatments for myopic regression occurring after excimer laser surgery by providing information regarding whether the regression occurred due to the epithelial hyperplasia or corneal biomechanical changes [@pone.0085994-Reinstein2], [@pone.0085994-ReinsteinDZ1]. Using the same logic, data on the extent of central epithelial thinning, which commonly occurs with regression after hyperopic excimer laser surgery, may be crucial in determining whether a retreatment for hyperopic regression would be viable in a particular case.

The distribution of epithelial thickness has been studied previously using high frequency ultrasound biomicroscopy in normal corneas, untreated ectatic corneas, and in ectatic corneas previously treated with CXL [@pone.0085994-Kanellopoulos1]. Reinstein evaluated the Artemis very high-frequency (VHF) digital ultrasound system (ArcScan Inc., Morrison, Colo) extensively for measuring epithelial, stromal, and total corneal thickness distributions in healthy virgin eyes [@pone.0085994-ReinsteinDZ1], in eyes that underwent laser refractive surgery [@pone.0085994-Reinstein2], in keratoconus eyes [@pone.0085994-Reinstein3], and to show the effectiveness of CXL [@pone.0085994-Reinstein4]. Reinstein also introduced the term "epithelial doughnut pattern", which is often used in the diagnosis of keratoconus [@pone.0085994-Reinstein3]. In addition, according to Reinstein, epithelial thickness mapping may be an invaluable tool for detecting subclinical keratoconus in candidates for refractive surgery with normal anterior topography [@pone.0085994-Reinstein1] as well as for excluding the diagnosis of KC in candidates with suspect topography [@pone.0085994-Reinstein1]. The RTVue-100 SD-OCT has recently been used for epithelial thickness mapping in normal and keratoconus eyes [@pone.0085994-Rocha1], [@pone.0085994-Li2] as well as for comparing the epithelial thickness between normal non-lens wearers and rigid gas permeable (RGP) lens wearers and in RGP-wearing keratoconus patients [@pone.0085994-Haque2]. VHF digital ultrasound features higher axial resolution and robust automatic mapping compared with SD-OCT technology. In addition, due to the immersion technique, the tear film component does not need to be dealt with; yet, it lacks control of fixation, the probe placement cannot be repeated, and it is difficult to ensure perpendicularity during the examination [@pone.0085994-Haque1]. On the other hand, SD-OCT features a non-contact, quick and easy to perform examination that can be conveniently added to the existing examinations preceding corneal and refractive surgery [@pone.0085994-Li2].

Li [@pone.0085994-Li2] and Rocha [@pone.0085994-Rocha1] studied the epithelial thickness distribution in keratoconus using the same technology as the current study. However, they used healthy eyes with no regard to astigmatism and compared epithelial thickness between groups only; while, the current study used healthy eyes with ≥2 D corneal astigmatisms as the control group and epithelial thickness was compared both between groups and between locations within each group. In Li\'s study the epithelial thickness was automatically measured by computer software, while the current study employed visual inspection of the epithelial boundary and "manual" measurement of the epithelial thickness with the software caliper, eliminating the segmentation error with the automated epithelial boundary detection, which tends to occur in OCT mapping of keratoconus eyes [@pone.0085994-Li2]. In Rocha\'s study vertical and horizontal meridians were chosen [@pone.0085994-Rocha1], while the current study used the steepest and flattest meridians. Most of the cases in our group 1 had mild keratoconus and our control group consisted of eyes with a comparable amount of astigmatism to group 1 in order to achieve the highest possible sensitivity and specificity. Most of the other studies concerning epithelial thickness distribution in keratoconus [@pone.0085994-Reinstein1], [@pone.0085994-Rocha1], [@pone.0085994-Reinstein3], [@pone.0085994-Li3] did not categorize the stage of their keratoconus group and they used non-selected normal eyes as controls.

In the current study, the epithelial and stromal thicknesses were distributed similarly and the epithelium seemed to compensate for stromal anterior surface shape irregularities. In the keratoconus group, the stroma was elevated and stretched, showing thinning over the cone; while, the epithelium tended to have a smoother anterior topography and showed mid-peripheral thinning over the cone in addition to thickening superior to the cone. Epithelial thickness deviation was generally more pronounced and localized than stromal, showing its higher diagnostic sensitivity. The full ring of epithelial thickening surrounding the localized corneal thinning, as presented by Reinstein et al [@pone.0085994-Reinstein1], [@pone.0085994-Reinstein3], was not detected by Li and colleagues [@pone.0085994-Li2] or in the current study due to the low diameter of the studied area. However, since the keratoconus apex is located inside the central 5 mm of the cornea in the vast majority of keratoconic eyes [@pone.0085994-Li2], it seems that limiting the diameter of the epithelial mapping to only 5 mm may still be sufficient for keratoconus screening, but less so for pellucid marginal degeneration [@pone.0085994-Li2].

A point that potentially limits the quality of the data from the current study is the lack of quantification of the magnitude of the eyelid opening and the length of the corneal exposure during the examination. This may have led to some variability between subjects in the evaporation and movement of the tear film and could have induced some artifacts in the final epithelium thickness measurements [@pone.0085994-Du1]. Finally, the patients\' contact lens history was not collected and the time between contact lens removal and examination was not recorded. However, as Haque stated, the epithelial thinning in keratoconus may only be slightly influenced by contact lens wear [@pone.0085994-Haque2].

Conclusions {#s5}
===========

It seems that fairly detailed epithelial and stromal thickness distribution maps can be compiled by the use of SD-OCT. The current study demonstrated that both epithelial and stromal thickness distributions in keratoconic eyes showed thinning along the steepest inferior hemimeridian, with the pattern being more distinct in the epithelium. Since the SD-OCT is a non-contact procedure that is easy to perform and is not uncomfortable for the patients, it has the potential to become part of the routine examination for the diagnosis of early keratoconus and for determining candidacy for refractive surgery.
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